Operational Research and Cost Containment: A General Mathematical Model of a Workstation Per Winkel
To facilitate planning and management, I have derived a mathematicalmodel describingthe dynamicsof a workstation that receives a mixture of routine and emergency specimens. The model parametersincludethe maximalspecimenprocessingrate (to be definedby personnelrepresentatives) and the longestdelay allowed for emergency specimens at the workstation.Based on the model, a computer-simulation techniquehas been developedto maximizethe lengthof time (planned pauses) during which the workstation could be closedwithoutcausingundue delay of routineand emergency specimen results. The application of this technique is illustratedwith real data, in which more than 50% of the specimenswere emergencyspecimens.Three pauses, constituting 35% of working hours, could be introducedwith a negligible impact on the turnaround time of emergency specimens(mean increase = 8 mm).The modelmay also be used to derive, as a function of time of day, the largest extra workload that may be presented to a workstationwithout creating overwork. The workloadcouldbe increasedby45%, providedthat all additionalspecimens arrived before noon.
AdditionalKeyphrases:computer simulations of laboratory operation
The need to reduce escalating costs within the health care sector has precipitated a rather emotional debate, at least within the Danish community. Among the issues debated is the need to centralize certain laboratory functions and increase productivity.
The workstation, a unit receiving specimens and producing results, is a key structure within the clinical chemistry laboratory. At workstations for which the deadline for result delivery is measured in days rather than hours, productivity is usually easy to maximize because planning for efficient batch-processing is straightforward. For workstations where specimens may arrive at all possible times during the day and results are due within working hours, the picture is less clear. A particularly complicated situation arises if the workstation receives a mixture of routine and emergency ("stat") specimens. Here I present a dynamic model of such a workstation. The model is intended as a tool to facilitate laboratory planning and management.
For illustrative purposes I have expounded one specific application of the model, namely, its use as an aid in analyzing the following two management problems:
1. Is it feasible to introduce planned pauses during which the technologists previously assigned to the workstation may carry out other functions?
2. If one wants to integrate the functions of two (or more)
laboratories,
is it necessary to duplicate the workstation to cover the needs of both (all) laboratories? Department of Clinical Chemistry, The Finsen institute, University Hospital, Strandboulevarden 49, Copenhagen 2100, DK Denmark.
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The data used in the example were obtained from my own laboratory at the Finsen Institute, a 236-bed oncology center that received 6968 inpatient admissions and 76652 outpatient visits during 1983.
Materials and Methods Materials
During three weeks in November 1983 and one week in January 1984, the arrival times of routine and emergency specimens on weekdays were recorded at the hematology workstation. Figure 1 depicts the rate of arrival of emergency and routine specimens during the first week in November 1983.
Emergency specimen results are usually transmitted to the requesting department no later than 60 to 80 rain after the specimen is received in the laboratory. Approximately 55% of the hematology specimens are requested as emergency specimens, primarily because the majority of patients seen at the hospital are ambulatory patients from all over the country. If the turnaround time for hematology results were to increase significantly, these patients would have to be hospitalized while awaiting adjustments to their chemotherapy-which, of course, would be quite costly. One or two acute specimens (i.e., specimens that are given priority above anything else) are received each week. For the present purpose they have been included as emergency specimens.
Methods
The model. A model relating technologist labor consumed at the workstation to specimen transit time (time elapsed from arrival of specimen at the workstation until the corresponding result has been produced and checked) was specified, translated into equations, and programmed for a computer. Figure 2 presents the model as a causal loop diagram (1). Each arrow in the diagram connects two quantities, such that the quantity at the beginning of an arrow has a "causal" effect on, or "influences," the quantity at the end of the arrow. The sign of the arrow characterizes the relationship between the two quantities, a positive sign indicating that they change in the same direction (i.e., they both increase or they both decrease), if, of course, all other influences are unchanged.
A negative sign indicates that they change in opposite directions. Figure 2 depicts the two similarly structured subsystems, one for emergency specimens and one for routine specimens. 6 and 12, respectively) is the number of results produced so far. When the number of specimens waiting to be assayed (items 4 and 10) increases, the rate of processing (items 5 and 11) increases until the subsystem is saturated, i.e., until the mnximnl processing rate of the subsystem has been reached.
As the rate of processing increases, the number of waiting specimens decreases, unless of course the rate of specimen arrival exceeds the maximal processing rate of the subsystem.
The maximal processing rate (item 2) of the emergency subsystem does not vary. That of the routine subsystem, however, varies inversely with the activity of the emergency subsystem because routine specimens are processed only when no emergency specimens are waiting to be processed. The maximal processing rate has been set equal to one specimen per minute, a rate that felt comfortable to the technologists using the Ortho ELT-800 (a semiautomated analyzer requiring manual specimen entry) currently being assessed in my laboratory. The gap (items 8 and 14) is defined as the difference between the number of results actually produced and the number of results expected to be produced. The latter quantities (items 7 and 13) are derived from the specimen arrival times, by using the definitions of deadlines for result delivery. For emergency specimens the deadline for result delivery is defined as the arrival time plus the longest allowable workstation transit time; for routine specimens the deadline is the end of working hours. The "purpose" of each subsystem is to maintain the gap at a positive level ( 0), i.e., to produce the results no later than expected.
The staffing of the workstation (item 1) is defined as an input to the system, and has the values of either zero (no staffing of workstation, implying a maximal processing rate of zero) or one (a fully staffed workstation).
The equations necessary to write the program for simulation in the model are given in the Appendix.
Planned pauses. The input data presented to the computer program' comprise the number of emergency specimens plus the number of routine specimens arriving during each 5-mm interval each weekday. Before a computer simulation is started, the staffing conditions of the workstation must be defined for each single interval. This feature allows study of the impact on the system of introducing one or more planned pauses. In doing so, I disregarded pauses less than or equal to 30 mm and allowed a workstation transit time for emergency specimens of no longer than 45 mm.
All possible pauses2 were formed that satisfied the conchtions that (a) the deadline for emergency specimens could be met and (b) all routine specimens could be processed within working hours on each of the 15 weekdays of the first three weeks in November 1983. After noting the longest of these pauses, I formed all possible combinations of two of these pauses such that there were no overlapping effects3 on the emergency specimen queue. In each case the combined effect of imposing the two pauses was simulated. Among those combinations (if any) that fulfilled the above condition (all routine and emergency specimen deadlines met on all 15 workdays), I selected the one that allowed the workstation to be closed for the longest time. Using the same principles, I examined .all combinations comprising three pauses with nonoverlapping effects, and selected the best one among those (if any) that satisfied the above conditions.
The workload profile. At a given time (tk) the number of routine specimens that might have been added to the workload without creating overwork (the allowable additional workload) may be estimated as the theoretical number of specimens minus the actual number of specimens processed from tk until the end of working hours (t0). The theoretical number is calculated as the maximum processing rate times (t,, -tk) minutes. Using the data from Table 1 shows the output from the simulation subprogram. The input data, which were constructed for illustrative purposes, are outlined in frames.
Some illustrativeExamples
During the first 5-mm interval (d -T1) two emergency and five routine specimens arrive. Based on this input and the initial values of the level quantities (designated with capital letters), the updated level values (at time = 5 mm) are calculated from the equations shown in the Table. The number of emergency specimens and routine specimens processed during the second time interval may now be 1The programs have been written in PASCAL language. They may be run on the IBM PC. The simulation subprogram is available upon request, free of charge. The other programs are in the process of being made more user-friendly and will later be available at a modest charge.
a Actually, I did not examine all possible pauses. Rather, I divided the 6-h workday into 5-mm intervals by 70 equally spaced time points (ti, i = 1,70), and for each of these found one pause, namely, the longest one starting at t, and satisfying the conditions. Of these, the pauses longer than 30 mm are the ones referred to as "all possible pauses." 3The effects on the emergency specimen subsystem of two pauses are overlapping if the second pause begins before elimination of the queue of emergency specimens that formed during and because of the first pause. calculated (see columns 6 and 13). These values and the number of emergency and routine specimens arriving during the second time interval are used to calculate the level values at time = 10 mm, etc. At the end the program is used to calculate the distribution of the transit times of the emergency specimens. The allowable additional workload that may be added at the beginning of a given time interval is calculated as the processing capacity available during the remainmng intervals minus that actually used (from columns 6 and 13). For example, the allowable additional workload that may be added at the beginning of interval 4 is 5x 5mm x lspecimenlmin-(5 +5+5+2+0+0+0+ 0 + 3 + 3) specimens = 2 specimens. Table 2 shows the results of a computer analysis simulating the effect of introducing various planned pauses. The hypothetical input includes the number of routine and emergency specimens arriving during each of 14 time intervals on each of two days (columns 1-4). For each time interval and each day, the program determines the longest allowable pause (as defined in Methods), starting at the beginning of the interval. The corresponding recovery times are also reported (see columns 9 and 10). The longest transit time allowed for emergency specimens was four time intervals; allowable pauses of less than three time intervals were disregarded by the program.
For a given interval only the shorter of the two allowable pauses is used in the subsequent analysis, where all pairs of nonoverlapping pauses are found by the program. Two pauses are nonoverlapping if on both days the recovery from the first pause takes place before the second pause starts. Therefore, by definition, the deadline for emergency speci- The time intervalsare numberedfrom 1 through 14. A pause and the corresponding recovery period are characterizedby referenceto three time intervals.The pause starts at the beginningof the first intervaland ends at the end of the secondone.The recovery is finished at the end of the third interval. E, emergency; A, routine. mens would be met on both days if one were to apply two such pauses simultaneously.
However, one does not know from this if all routine specimens would be processed at the end of working hours. This is tested by the program and all combinations fulfilling the condition are printed out (see footnotes to Table 2 ). It is immediately obvious from the output that three of the planned pauses cannot be applied. The computer reached the same conclusion. Table 3 shows the distribution of emergency-specimen transit times for day 2 before as well as after applying one of the combinations of two planned pauses. In this particular example, the transit time almost tripled, but working hours were reduced by 50%. This example also illustrates the effect of changing the workload mix and arrival times of the specimens. On the assumption that 50% of the routine specimens usually arriving during the first six time intervals have been delayed and instead are ordered as emergency specimens during interval 7 (Table 2, columns 3 and 4), the first six routine specimens arriving during intervals 3 and 4 were omitted from those intervals and instead added to the three emergency specimens arriving during interval 7.
When the planned pauses were applied during these conditions, the system failed to meet the deadlines for four emergency specimens and two routine specimens.
Results
The best combination of planned pauses included three pauses: 45 nun from 08:15 to 9:00 hours, 40 mm from 10:45 to 11:25 hours, and 40 rain from 12:15 to 12:55 hours, i.e, a total of 125 min, or 35% of the six daily working hours at that workstation. Table 4 shows the technologist time spent at the workstation per emergency specimen, the corresponding labor costs, the percentage increase in labor costs relative to that of a routine specimen, and the mean and range of the workstation transit time without planned pauses, as well as after the introduction of the three planned pauses. The mean transit time of emergency specimens, and thereby probably the turnaround time, increased by 8 mm. At the same time, Technologist timespent processing routine specimens was set equal to the number of routine specimens plus corresponding quality-control specimens processed, multiplied bythe timespentper specimenat maximalspeed (1 mm perspecimen).Technologist timespentprocessing emergency specimens was calculated as totaltechnologist time minustime spent on routine specimens. Added to the mean processing timewasthe timespent opening and closing the analyzer,divided bythetotalnumberofroutineandemergency specimens processed.
however, the total labor cost per specimen (calculated for a
Danish laboratory)
dropped from 33 to 18 cents (U.S.). When the effect of introducing the same three pauses was simulated with independent data obtained during the busiest week of January 1984, the mean workstation transit time was 15.6 mm (range 5-45 mm). Without planned pauses the mean was 8.1 mm (range 5-25 mm). Figure 3 shows the workload stress profile of the hematology workstation as assessed on the basis of the data obtained during November 1983. The workload could be increased by 45%, provided that all additional routine specimens arrived before noon. This information is of practical value, given that the functions of my laboratory are in the process of being integrated with those of another laboratory located about a mile away. 
Discussion

Model Considerations
Discrete event simulation with standard data-processing techniques has been applied by several authors to model the clinical laboratory (2, 3) . In these studies the impact of such influences as an expansion of workload and a change of type and increase in number of personnel or instruments was simulated.
No attempt was made to analyze the problems arising from a significant decrease in the workload.
The approach taken in this paper is somewhat different. A general model of a workstation was proposed and details related to discrete events taking place within a given workstation were combined and expressed in terms of a single parameter.
How applicable is such a model? An important feature of it is that the sequence in which specimens are being processed cannot be defined in advance because emergency specimens are always given priority. Therefore the model does not apply to analyzers that require the specimens to be arranged in a carrousel or a similar device in a fixed, predefined sequence, at least not without the introduction of awkward and impractical procedures. Use of automatic specimen identification eliminates this problem, however. Some analyzers already include this feature (e.g., bar code reading), which soon may be the rule rather than the exception.
The conclusions derived for the Ortho ELT 800 apply equally well to the Coulter S Plus: both instruments require manual entry of the specimens, and the processing time used by both instruments is proportional with the number of specimens processed; furthermore, in both cases the factor limiting the maximal processing rate is the technologist, not the machine. The results may also be applicable to the Technicon H 6000 hematology analyzer, which is equipped with a device for automatic specimen identification so that a routine specimen sitting in the carrousel may be replaced by an emergency specimen whenever necessary-thus meeting the condition that emergency specimens should always be given priority over routine specimens.
For some discrete multi-test
analyzers the analytical time is proportional to the number of assays performed rather than the number of specimens processed. In such cases the simplest approach would be to translate specimen processed into assay performed. etc.
The model predicts what will take place at the workstation only if the input data such as arrival times of the specimens, and their number and mix (emergency vs routine), are representative and the maximum processing rate agreed upon is realistic. Before implementing the results of an analysis of the productivity, one must therefore take seasonal as well as more general trends into account. 4 Furthermore it is advisable, as it was done in the example, to test the results by using independent input data. Instruments getting out of control or problem specimens were of little significance in the present example, which is based on the use of brand new, modern analyzers. Should such events occur, however, they should be recorded while the input data are being collected. Once recorded, their effects may easily be reproduced during the simulation by incorporating the corresponding nuaplarmed pauses" they caused. One can prepare a full-blown model of the whole laboratory by combining the models of individual workstations, although I think such a model would be too complicated to handle. My preference is to model key workstations, i.e., those workstations where rapid result delivery is an overriding issue, and then proceed by using common sense instead of a computer.
The Profitabilityof Such Assessments
In his pioneering operational research study Carruthers In all likelihood the service delivered by a clinical chemistry laboratory is more than adequate as long as the clinicians and the administrators are not complaining too much, so that it seems not profitable to improve the service. In fact, the literature (6-9) indicates that many times the clinical laboratory is being overutilized. If overutilization has been diagnosed, the workload can be reduced, but this will not be very profitable unless the personnel requirements can also be reduced accordingly. Therefore, a
Monthly production data obtained from the hematology section of my laboratory during 1982 and 1983 show that January is the busiest month, followed by February, then November (production approximately 90% of that of January). Total annual production declined significantly from 48047 specimens in 1982 to 43297 in 1983. After the time of the given example, independent test data obtained in January 1984 support the conclusions suggested by the simulation study. concomitant reduction of personnel (or their reallocation to new activities of proven clinical relevance) is a natural, not arbitrary, target for operational research in clinical chemistry. Measures to meet this goal, however, should not lead to unacceptably stressful working conditions. For that reason the value assigned to the parameter nmaxjmal processing rate" should not be based on detailed time studies. Rather, this measure quantifies the compromise between the need to be efficient and the need to provide reasonable working conditions. 1 (specimenlmin) x mm X s.i. 
Explanationof Equations
The time interval studied, referred to as [t0,tl is divided into n equally spaced time intervals t, (i = 1, n) by n + 1 time points (ti, i = 0, n). Because emergency specimens are assumed to be processed in the same order in which they arrive, the gap has been defined as the difference between the results produced and the results expected (see equation 8).
The routine specimen subsystem is defined by equations 9 through 14. These equations correspond to those of the emergency specimen subsystem with two exceptions: The number of routine specimens processed during At [r.pro.(it1), equation 11)1 is limited by the processing capacity left (if any) after the greatest possible number of emergency specimens has been processed (see equation 11), and the gap may only be less than zero at the end of working hours (see equation 14) when all routine results are due.
